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FIBER-OPTIC TECHNOLOGY REVIEW

P. B. Lyons
Los Alamos Scientific Labnrat,o]’v

Los Alamos, NM 8’15J+5

I. IntrodUCtj.Qa

Fiber-optic technology is not quite into its teenage years as the
decade of the 80S begins, but the promise of fiber optics to revolutionize
communication technology is already quite clear. AS the decaJe of the 70s

began, this conference would have ‘leen,to say the least, premature. In
fact, in 1970 this conference might have been without attendees. Now fiber
optics represents the only topic of several major ccmfcrcnces and is
included as a subto?ic in twenl.yor more major annual conferences.

This paper is intended as a l)road,nontechnical, introduction to this
DNA conference on Fiber Optics in the Nuclear lZnvironment. It is, in fact,
the only largely nontechnical talk scheduled for this conference. But any
conference participant who now doubts the technical impact and promise of
fiber optics should bc adequately convinced tJythe conclusion of this
confcrcfice.

Many ancient cultu,-::jwere well aware of the utl,lityof gl.as:]ob.jcct.s
and the principles cf total internal reflection and lS~hL [~uidi.n~may well.
have been known to tticseearly [Lrtiots. It 1:]bel~cvcclthat in the fir~L
century D.C., the l)alrstin~.ansmode glass portrait:)w~Lh techniques
resembling fu”ed fiber bundles.]

Optical communications were in usc long before r~l)croptics were
developed. In 179CI, the French dcvclopcd nn optical ucmaphoro systcm
capable of t,racsmiti:inga metisage200 km in 15 minuLcs.2 And in 1880,
Alexander Graham D1’l\,~omonstratedspcec!htrnnsrnlssionvin n light beam
with his photophone.

John Tyndall,S in 18511,demonnLrntccl?.i~ht~uidin~ in n water titrcan,
for whnt is generally belicvod to have been the first pIIbliDhml rocorclof
the phenomenon. Fiber toohnology ~ctuilllybegnn wj,th,1.1,.Dni]tcl’spat~nt
in 1927 for oohorcnt,fiber bundl.cs.G iiytho carlj 196M, fiber.swore u~ed
for fiber optio tube fncepl,utcs,punch e:~rclrcndor~, mecl~.onl,imngin~, find
decoratlvo purposes. Tho R1[IM fihcrs ~lvutlablobefore 1960 were
t,Iarrtcterlzodby vc?ryuavcro nt,tenuationalcxcoedtnR 1000 clI1/krn.~With
suuh nttcnuntion, n~)ycommunl.cnt,lon:lnppllcnt,~onaw(~r(? ~~nfin(!(~tc)shuutfnc,
r!i:]t~ncon,

In the 1960n, much boktcr undrrotandLng of fiber opt,icrrLt(?n\lntion
mcchnnlsma wnn clcvclopcd. In Lholt’]):ll)(trin 1966, Kuo nnd Ilock!lamy
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reported attenuation below 200 d13/kmin bulk quartz and discussed the
requirements (- 20 dB/km) for fiber optic utilization]in telecommunication.

They predicted that a loss of 20 dB/km should be attained with further
purification. In 1969, Jcincsand Kaoa reported attenuation below 10 dIVkm
in bulk fused quartz.

In 1970, Corning Glass scientists broke the critical 20 dB/k,o
attenuation barrier.g Figure 1 charts the history of fiber attenuation
over several decades with the critical milcs~onc shown by the starred
value. lo Later progress is shown in Fig. 1 and any ncw attenuation records
tend to be short-lived. Recent work in Japa:~rcsultt?din a value of’0.20
dD/lcnat a wavclen~th of 1.55 m.11 At this level of attenuation, a 50-km
line length will still deliever 10~ of the Ineidcnt coupled lifiht, Very
high purity materials are required to realii?cthese low-loss fiberas.
Figure 2 f:ummarizesthe at;~uat~on contributions of several contaminants
and scatterin~ MCCYERISVUI.

/’

Low fiber attenuation is necessary but not sufficient for an effective
telecommunications systcm. High volumes of datn transfer require that,each
,~atabit be transmitted in a very short timcl us or even ns. Fiber pulse
dispersion (or time spreading) thus i:}of critical importance. The firsL
fibers were constructed with the simple index profile shown in Fig. 3a, a
step index profile. With the consLant Index of the core region, pulse
aprending results simply from the difference in path len~ths for limiting
ray3. Typical step fibers offer a ba]ldwidth of about 20 Mflz for a one-km
line.

The gradud index fiber of Fi~. 3b utiilxes n varyinu mnterial index as
a function of’rcidiusto compensate the transit times for varyjnq ray paths
(and longtha). A central my, shown ~n Fig. 3b, propafla~c~nt n lower
velocity uver a shorter path lcn~th thin]n ray propn~nting in outer rc~ions
of thn core rcgior. Fibers with n firnded-indexprofile wore propoacd in
Mlller~s patent of 1969.13 important contribution~ toward undcratanding the
index gracliontwhich optimizes the pulse distortion hnvo been mado by
&Jcvcrnl.groups includlng C1ORC and Marcnl.clliat Dell [,nb:),lq nnd Kcck15
an~ Olshansky nt Cornin8. Theso contributions havo dealt with determina-
tion of the oxponont a for an Index profilo varyinR with n power law
dependonco on rndius. The v~luo of awhlch minimizes the pulse width Is a
fllnotionof fiber composition nnd wnvolcngth. Fig, 4 from Ref. 15
domonstrntas such culculntionn. For riwavelonRth near 800 nm and an a near
2.3, pulao dlor’ersion well below 100 ps/km Is oaloulntud.

Crndod index fibers nro now avni.lnblofrom sevornl commercial sourcos.
Tho h!ghuat bandwld~h speclfiad no a st~ndnrd produot Is now 1500 MHx-km
from Corning. Tho ourrent publlohnd rooord for grrrdod-indexbmclwldtthis
now But at 3.0 CNw-km.Jfi

Fiber f’nbrioutionmust Invol.von Leohnique thnt minimlznn tho jmpuri-
t~on nnd R11OWS proalse aontrol of m index prof’ilc(or nltorn~tivolyj n
dopant proflln tc produon R vnrintion In index?. Mont low loaf)fibers rnmlo
in the W t.cxlnyuse sane form of n CVP (Chcmionl Vnpor Ilcpo:litlon)prooc:lfi
to fnbrlcnto a preform--a grrmtly cnlnrKod v~r~ion of the final flhnr. Th{l
praforrni:.I~ub:mq~lontlyhentd ml drnwn ~nto n thin fihcr.
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Fig. 5 shows one type of CVD process. A tube of fiber cladding rnfilcri-
al is rotated and heated by a high-temperature fl;ime. Various clopant
materials, SiC14, and oxygen are introduced j.ilto the tube. In the presence
of the high temperature, the materials react to leave in oxide soot on the
inside of the tube. By varying the doptint/SiC14ratio the soot composition
can vary from pure SiO to the desired aoping level.

2
Many layers of soot

can be built.up. The O11OW tube is subsequently collapsed to form a solid
rof!of varying composition. In modern fiber drawing operations, precise
control of temperature and draw speed is coupled with complex monitors in a
closed loop system to obtain fiber with tight dimensional tolerances.

111. The A~vantarzesof Fiber ODt.iC9

Each participant in this conference probably r’ecognlzc:at least one
potential advantage of fiber optics in the:r own specialty. The examples
used below represent those recognized by the Los Alamos weapon testing
,x’ograrnand surely are not an all-in Iusive llst.

t
Since thtifiber lengths

in weapon testinu involve distances - i km, one very critical advantage,
increased repeater spacing, is klotof importance in this application.

111.A. Bandwidth

Coaxial cable:;are quit~ limited in bandwidth performance. Very
special cables are required co realize even a few tens of MHz over
kilometer distances. Depending on Lhc type oi’fiber used, much greatr~
bandwidth with fibers can be achicvcd. Table I collects bandwidth data for
sevwal types of high-performance coax cabic and varloua fiber ‘ables. Any
lon~-distance ~pplication thnt involves transfer of lar~~ quantities of
data should consider the larger bandwidth potential of fiber systems.

The costs of’fiber optics have been greatly reduced over the last five
years as R&D laboratory or pilot plnnt opernLions were rcplaccd by
full-ncalc manufacturing operations. For example, Table II records fiber
cost per meter for two eradca of Corning fiber as a function of time.
Costs have dropped dramatically wh}lo attenuation has improved with tirpe.

Tho cost of fiber optics In a specifio application is a strong function
of the environmental and physical PC uirements of the final ci~bl~.

77
For

ap~lic~;tionsat the Nevada Test Site the cable is emplaced in a vertical
hole, up to 2000 feet deep, and ~~bjected to backfill ❑aterial (sand,
grnvel, and epoxy) dropped Into the hole from the tcp. The cable musL be
gas-tight to prevent migration of radioactive g~~ into the atmosphere and
cxtonsi’~etest end documentation prooedurcs must be complct.edby the ~pcndor’
to [;uarllnteeLhls performance. A pnrtial 118L of cable specifications ia
giv~n IrlTable III. The most recent bid cn this cablo was about $1.75 per
fiber-m~tor (fiber bandwidth was 200 MHz-km ut two wavelengths). From

Table 11 it is evident that no coax can be consldcrcclns n direzt
replacement, however in tht! nbsenc!:of fiber cable, the 0.88 inch conx
WOUj.(i b(? usc~d. The lnut order of thi”i cahlc was prlcal at about $11pcr
motet’.
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LINE

RG223/55

RC214/9b

RG218/17

1/2 in. Foam Heliax/
Gas Blocked

718 in. Foam Heliax/
Gas Blocked

Corning 1053 .

Corning 1054

Corning 5021

Corning 5101

. -- ..
.“ “

.L ,iwtki iiIA i$:ii”i
TABLE I

LF;NGTtlVS BANDWIDTH

100 MHz

21 m

42 m

113 m

113 K

191 m

4,000 m

2,000 m

2,000 m

10,000 m

200 MHz 1000 M]lz

15 ❑

29 m

76 m

76 ❑

127 m

2,000 m

1,000 m

1,000 m

5,000 m

5.5 m

10 m

24 m

. .

27m”
/’

46 m

400 m

200 m

200 m

1,000 m
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Date

1975*

5/76

6/77

9/78

3/79

TABLE II

COST HISTOIIYOF OPTICAL FILIH317S

200 MHz

Attenuation

10

10

6

10

]o ~~/j(m

5 dB/Km

8 dWKm

5 dB/Km

$/m

-2.50

1.50

2.25

.90

● 50

.90

● 35

● 50

800 MHz

Attenuation $,%

..

N.A..

N.A.
/

8 dB/Km !.00

4 1.90

6 .75

4 1.25

3/80

Prices: 100 Km < L < 500 Km

Corning Glass Work Price Lists
.,

N.A.: Not Available as-standard product

*: Extrapolated from Corning graphs--not publlshcd price
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The

WeirzhtAnd Siz~

fiber cable construction complotcly domin::tcsthe weight and size
Of the finished product. Again, the example of the NTS cabl.c-m~lvbe used.
The fiber cable wei,ghs12 kg per channel-km while 0.a8 inch coa; weighs 65o
kfi per km. The t }ax cable is 2.7 cm in outer diameter while the NTS fiber
cable is 1.0 c- -IIouter diameter for the eight ct.annclc,able. The fiber
cable requires 60 times less cross-sectional area per data channel. Labor
cost.:;easily double the cosf.or coaxial cable in the NTS environment, while
the fiber cable is far simpler to handle. This st~t.cmentis tempered by
our present situation where both coax and fibrincable arc used on the same
test--the heavy bulky coax and the massive equipment rcquirecltu handle it
can, and has, damaged fiber cable.

111.C. ~ c-~~,nst~~ct.ionAnd I:Jolfl~~~

The fiber is completely nonmetallic and potentially free of any EHI
effects. The NTS cable is specified to be nonmetallic to maintain the MI
advantage. For other spec~al applications , metallic strength members,
power lines, or dat~ <U’:anntl?.way k-:ndclcdto the total cable
packagc+-- th=rcby compromising the E141benefits.

The electrical isolation allows ccxr,plet.efreedom from flroundloops.
Furthermore, an electrical line can radiate s(~meinformation (dependin~ on
details of its shielding), wherean ftftber cable should not radiate nny
data to the outside environment, Security implications [1~(: obvious.
Channel-to-channel crosskalk can bc nc~ligiblc with well-dcnjgneclcables.

Fiber cables also lend Lhcmselvcs to ncvcral more complicated
intr(lsion-proofscenarios-- for those applications wtmrc cahlc ir)tcgrity

could be compromised.

In some applications, the fact that a cnblc is ~rcscnt must bc
protected from diacovory by remote techniques. ‘1%1:nonmet:lilicciiblu
cannot be detected. In other applicatioll:~,the pr[>SCilCC! of’ El metallic
member can compromise measurcmenb acclracy.

IV. The I)isfiIMWWZQLQ.Lp4b22!QLLU.

Fiber-optics technology is rapidly evolvlng md ~t i~ not surprisd.nfl
that some pcmalitios may be expeot.cdin n transition LO the now tcohnolc[{y.
Some potential, or real, dis~ldvantagesof fiber :Iysk,ms may h lia(,cd.

IV.A. ~.Lm~CAbU AvFUJMJUY

The tremendous potontinl o!’ the opticnl telecommunications industry hii~~
driven onnugh vendors ~nto the market. Whilo ~t~tc-of-the-nrt tochnol,ogy
is rcquirod in fiber and cable production, nlruootany requirement con bo
met with todnys cmnmercjnl anpnhilitic~. No more tjhiln threw yunrs ngo th~s

WH9 n rCal problclfl.

-12-



IV.11. Fiber Ccmmonents

Many components (connectors, splices, terminators, test instrument;l-
t~orr,couplers, etc.) required invention with~n the last few years. All
component needs arc now addressed somewhere in the I’.ldustry,~lthough some
items (like wavelength selective couplers) arc still research tools, not
yet available commercially.

Fiber connectors are a particularly critical component. Manj differcnL
techniques have been adopted to satisfy thtipreci~e alignment tolerances of
the small fiber cores. Table IV lists several of the general categories of
fiber connectors commercially available today. These different connectors
differ radically In case and simplicity of installation. In the Los Alamos
NIS programs, several connecters have been used extensively (ITT and tlughcs
precision ferrule connectors and the Dc’~tschindex-matchcxl/self-centering
connectors). For example on a recent test 32 Lleutschcor,nectionswere made
under trying field conditions with an average loss of 0.9 dB. Average time
per connector was well below five minutco, including nll fiber preparii-
tions. The list of Table IV will probably be reduced as the be:]tdesigns
are determined.

Several splice systems are in conumc:rcialuse now. The present systems
use etther n fiber-to-fiber weld or n V-p,roovcalignment. Neports of
sl~l.?,c~los,sbelow 0,25 dB aro not uncommon.

‘lcrtInstrumentatl.on(fault looators or time domain rcflcctomctcrsl
systc.mJcss monitors, etc.) is now availablo commcrclnll,yfrom several
sourccsm Only two-three years a~;o,each lahc]ratoryWa(lforced to construct
all its own Instrumerltat.ion.

Fibers uuffer from both rndl:l:ion-jt~flucf’flabsorpt.lontmd l.itmincscencc,
‘lhlsconference may represent tho mout c.xtcllsivcsurvey of ri]d,iatlon of-
fccts to date. The reader is rcfcrroclto tho confcrcncc ocn:;jc~nuorgarji:!ed
by G. Sigel for nn in-depth treatment of this concern.

In most appliantions thn fiber is not tho limiting olcment in system
pcrforrn:lnce.I Great pro~ross has roccntly been made in both rccuj.vcrand
trnnumitter porformanco, but syotnm dynamic rungc FI~PrOiICh~Ln~ hO dIlin very
difficult to obtain, The phenomenon of laucr modal noi~c ‘“ hao only re-
cently been J.dentificdns A mqjor conocrn jn injcotion l~scr dtodo f~y:+tcms
mnd several papers Ln this confcrcrm will prcaent st~tc-of-the-nrt sys-
tcnls. System bandwidths app~oaching 1 Gllzhavo been rcportm.1.

In some nppllcnttona, the li@lt ~ourcc iu not monochromntlc nnd llliltCl’l-
R1 dispersion bccomos a miijc)rcontrthutor to systc!mbandwJ,dth. MatrrJnl
di.:]perniondata on nevernl.f5kr types js collcctcd in Ikf. 19. A plot Of

nlatcrlnldi:{pcr:~ion!’orpure Si02 ond l:i,!j~C002/06.!I%Si02 i!lKlv(’11jn



TflnlxlV

TYPE VENDC)I{

l’kccntr.lt!

Multi-pin Allgnmcn!.

Ilu({hc:]

Sciccll”

Bell lh)rthcrn

Infoptlc

Thom;l:lL lk’tt.s

AMP

N[ldiflll

Opto-Mlcrcm

Amphenol

l’homa:]& DcLL:I

Iiidcx-tli]tohcd/Self-Ccntcrln~ l~cut:lt!h

Lens-Coublcd Nippon Hcctrio

V-tiroovo Dell I,IIbn

l’lcmey



lb!(.)rrrcas Of pilrti Ciil?p cmpha:li:; jn th(! n(!xt fcw yvars will ~nvolvc:
1) dev(!lopment of fil:ers ilt)d syst.rmsoptlmlz(x]for usc iltw:lv(!lcn[{ths n(:nr
1.3 IIM iwhcr(! matcr~al di~p(!r:tion v:lnl::h(!:l, cf. F’lK, 6); nn(! ?) dcvclopmcnt
of wuvclcn~th mul Liplexcr:l for slmultn;,co~l:l :;ynt,cw ()~)(!r;ltj()n nt S(?v(!r:ll
w;ivel cngt,h:].
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